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Introduction {#jcsm12489-sec-0005}
============

Cancer cachexia (hereafter referred to as cachexia) severely compromises quality of life and limits survival of up to 80% of patients with advanced cancer.[1](#jcsm12489-bib-0001){ref-type="ref"} Cachexia is characterized by a substantial loss of lean body mass that is often, but not always, accompanied by loss of fat.[2](#jcsm12489-bib-0002){ref-type="ref"} Currently, no therapeutic approach consistently reverses cachexia in humans. The development of therapeutic strategies has been slowed by the incomplete understanding of the underlying mechanisms that lead to the condition.

Several inflammatory and tumour‐derived factors are suggested to drive development of cachexia. One of these is activin A, a member of the transforming growth factor beta (TGFβ) superfamily of proteins. Activin A administration alone is sufficient to cause weight loss (including muscle loss) in mice.[3](#jcsm12489-bib-0003){ref-type="ref"} Also, α‐inhibin‐deficient mice (lacking a central inhibitor of activin) lose weight.[4](#jcsm12489-bib-0004){ref-type="ref"} Furthermore, inhibition of activin receptor 2B (ActRIIB), a receptor for a subset of TGFβ members including activin A, reverses cachexia and increases survival in several mouse models.[5](#jcsm12489-bib-0005){ref-type="ref"} Elevated activin A levels in sera from pancreatic cancer patients are associated with shorter survival.[6](#jcsm12489-bib-0006){ref-type="ref"} This might relate to development of cachexia.

It has been suggested that several members of the TGFβ superfamily, including activin A, can affect skeletal muscle by limiting the differentiation of myoblasts.[7](#jcsm12489-bib-0007){ref-type="ref"}, [8](#jcsm12489-bib-0008){ref-type="ref"} Moreover, the transcription factors SMAD2 and SMAD3, which are activated by, for instance, activin A, can induce atrophy in adult myofibers, in a mechanism involving the AKT/mammalian target of rapamycin pathway.[9](#jcsm12489-bib-0009){ref-type="ref"} Although convincing data underscores a role of activin A in cachexia development, other signalling substances and pathways are likely also involved.

Several studies point to tumour‐derived interleukin 6 (IL‐6) as a central driver of cachexia. We have shown that IL‐6 is secreted from cancer cells, and, via trans‐signalling, it can accelerate the catabolic process autophagy in muscle cells, thereby contributing to cachexia.[10](#jcsm12489-bib-0010){ref-type="ref"} Also, IL‐6 administration is sufficient to drive cachexia,[11](#jcsm12489-bib-0011){ref-type="ref"} and IL‐6‐blocking agents can reverse muscle loss and increase survival in mice.[12](#jcsm12489-bib-0012){ref-type="ref"}, [13](#jcsm12489-bib-0013){ref-type="ref"}, [14](#jcsm12489-bib-0014){ref-type="ref"} Recently, it was shown that the human ovarian cancer cell line ES‐2 induces cachexia in mice in an IL‐6‐dependent manner.[15](#jcsm12489-bib-0015){ref-type="ref"} Moreover, increased IL‐6 levels have been detected in serum from cachectic patients,[16](#jcsm12489-bib-0016){ref-type="ref"} and importantly, case studies in humans show promising results when blocking the IL‐6 receptor, using the neutralizing antibody tocilizumab.[17](#jcsm12489-bib-0017){ref-type="ref"}, [18](#jcsm12489-bib-0018){ref-type="ref"}

The existence of convincing data with regard to the cachexia‐causing ability of both activin A and IL‐6 could be due to different mechanisms operating in different contexts and patients but could also be due to a functional relationship between activin A and IL‐6. In order to investigate this, we have used the ovarian carcinoma cell line TOV21G. These cells secrete high amounts of activin A and cause a rapid development of cachexia at a low tumour burden in mice.[5](#jcsm12489-bib-0005){ref-type="ref"}, [10](#jcsm12489-bib-0010){ref-type="ref"} In this model, cachexia can be reversed by injecting activin decoy receptor,[5](#jcsm12489-bib-0005){ref-type="ref"} thereby supporting a role for activin A in TOV21G‐driven cachexia. We recently reported that the TOV21G cells, in addition to activin A, secrete high levels of IL‐6.[10](#jcsm12489-bib-0010){ref-type="ref"} This makes TOV21G a good tool for testing whether there is a functional relationship between activin A and IL‐6 in cachexia development. Here, we present data demonstrating that autocrine activin A signalling in cancer cells is needed for their release and systemic distribution of IL‐6. We also show that activin A‐induced IL‐6 secretion from these cells stimulates autophagy in non‐cancerous cells, a catabolic process suggested by us[10](#jcsm12489-bib-0010){ref-type="ref"} and others[19](#jcsm12489-bib-0019){ref-type="ref"}, [20](#jcsm12489-bib-0020){ref-type="ref"}, [21](#jcsm12489-bib-0021){ref-type="ref"}, [22](#jcsm12489-bib-0022){ref-type="ref"} to be involved in the pathogenesis of cachexia. Furthermore, we find that interference with activin A signalling in cachectic tumour‐bearing mice reduces serum levels of cancer cell‐derived IL‐6 and reverses cachexia. Collectively, our results point to a novel mechanism by which both activin A and IL‐6 can contribute to cachexia and that this interplay may provide targets for treatment of cancer cachexia.

Methods {#jcsm12489-sec-0006}
=======

Reagents {#jcsm12489-sec-0007}
--------

During *in vitro* cell culture experiments, the following reagents were used as specified: Recombinant (r) human/mouse/rat activin A (R&D Systems, 338‐AC‐010/CF), rHuman IL‐6 (Invitrogen, cat. no. PHC0066), rHuman Activin RIIB Fc Chimera (R&D Systems 339RB/CF), human/mouse/rat activin A (beta A subunit) antibody (R&D Systems, MAB3381), ALK4/5/7 inhibitor (Selleck Chem, cat. no. SB431542), 3‐methyladenine (Sigma, M9281), bafilomycin A1 (Sigma, B1793), Torin 1 (Cayman Chemicals, \#10997‐10), and Hanks\' Balanced Salt Solution (Sigma, H9269).

CDD866 is a chimeric murinized version of BYM338/bimagrumab, an anti‐ActRII antibody, where the human Fc region of the antibody has been replaced by a mouse Fc (IgG2a Leu234Ala/Leu235Ala), provided by the Novartis Biologic Units.

Cell culture {#jcsm12489-sec-0008}
------------

Cells were maintained in a humidified atmosphere of 5% CO~2~ and 95% air at 37°C. TOV21G cells from ATCC (CRL‐11730) were cultured in 42.5% medium 199 + GlutamaxTMI (Gibco 41150) and 42.5% medium MCDB 105 \[Sigma M6395, dissolved in dH~2~O to 1 L final volume, added NaHCO3 (1.5 g/L), and adjusted to pH 7.3\], supplemented with foetal bovine serum (FBS, 15%) and gentamicin (0.05 mg/mL). HEK293 green fluorescent protein (GFP)‐p62 cells (a kind gift from Prof. T. Johansen and colleagues) were cultured in DMEM (Sigma D5796) supplemented with FBS (10%) and gentamicin (0.05 mg/mL).

RNA interference {#jcsm12489-sec-0009}
----------------

For inhibin beta A (INHBA), activin receptor 2A (ACVR2A), activin receptor 2B (ACVR2B), KRAS, and SMAD3 downregulation, TOV21G cells were transfected using 20 nM siRNA (final concentrations), and DharmaFECT transfection reagent 1 (Dharmacon) was diluted in Opti‐MEM 1 Reduced Serum Medium (\#31985‐070, Gibco Life Technologies). After 24 h, the transfection medium was exchanged for normal growth medium, and the cells were incubated for 1 or 3 days before conditioned medium (CM) was harvested and protein and RNA were isolated. At this time, cultures were approximately 80% confluent. The following siRNA oligonucleotides were obtained from Dharmacon: L‐011701‐00‐0010 ON‐TARGETplus SMARTpool human INHBA, L‐004926‐00‐0010 ON‐TARGETplus SMARTpool human ACVR2A, L‐004927‐00‐0010 ON‐TARGETplus SMARTpool human ACVR2B, L‐020067‐00‐0005 ON‐TARGETplus SMARTpool human SMAD3, and D‐001210‐01‐20 non‐targeting siRNA. Two siRNA oligonucleotides targeting KRAS were obtained from Ambion: cat. no. 4390824 (ID s7939 and ID s7940).

Immunoblotting {#jcsm12489-sec-0010}
--------------

### SMAD3 signalling in autophagy reporter cells {#jcsm12489-sec-0011}

HEK293 autophagy reporter cells were exposed to 50 μg/mL recombinant activin A for 5 min at the end of 2 h incubation in normal growth medium containing 0.1% FBS. Cell were lysed by cell scraping on ice in a buffer containing 8 M urea, 0.5% (v/v) Triton X‐100, 100 mM DTT, 1xComplete® protease inhibitor, and 8% phosphatase inhibitor cocktail I and III (Sigma). Protein concentration was determined by BioRad protein assay (BioRad). Equal amounts of proteins were separated using NuPAGE® Novex® 4‐12% Bis‐Tris Gels (Invitrogen) and dry blotted on nitrocellulose membranes. The membrane was blocked, and antibodies were diluted in a 1:1 mixture of Odyssey blocking buffer (Li‐Cor) and TBST (20 mM Tris, pH 7.6, 137 mM NaCl with 0.1 % Tween 20). Bound antibodies were imaged by near infrared fluorescence using appropriate fluorescent dye labelled secondary antibodies and an Odyssey NIR scanner (Li‐Cor Biosciences). Images were processed using the Li‐Cor Odyssey software image studio 2.0. The antibodies used for immunostaining were pSMAD3 (Ser423/Ser425) (Abcam, ab52903), diluted 1:1000, and beta‐tubulin (Abcam, ab6046), diluted 1:5000.

### NF‐κB and p38 MAP kinase signalling in TOV21G after interfering with activin signalling {#jcsm12489-sec-0012}

TOV21G cells were transfected with siRNA as described earlier. Three days after removal of transfection reagents, the cells were harvested in urea buffer, and extracts were applied on gels, blotted, and used for western detection as described earlier. Antibodies used for immunostaining were pNF‐κB p65 (Ser536) (Cell Signaling, \#3033), phospho‐p38 MAP kinase (Thr180/Tyr182) (Cell Signaling, \#9215), and Erk1/2 (Cell Signaling \#9107), all diluted 1:1000.

Autophagy reporter system {#jcsm12489-sec-0013}
-------------------------

Autophagy was quantified using flow cytometry measuring GFP fluorescence in live HEK293 cells expressing GFP‐sequestosome 1 (SQSTM1) fusion gene, as previously described.[23](#jcsm12489-bib-0023){ref-type="ref"} HEK293 autophagy reporter cells were seeded in 24‐well plates (25 000 cells per well) and incubated for 1 day. Thereafter, the cells were treated as indicated for 3 days (unless otherwise specified) in the presence of doxycycline (1 ng/mL) before assessment of fusion protein degradation by flow cytometry. When using known autophagy effectors, these were added 17 h before assessment of fusion protein degradation. Protein degradation was determined as the loss of green fluorescent signal compared with control. Triplicate wells were used in all experiments, and signal was measured in 10 000 cells per well.

ELISA {#jcsm12489-sec-0014}
-----

The levels of IL‐6 and activin A in CM from TOV21G cells were determined using human IL‐6 OptEIA ELISA kit (BD Biosciences, cat. no. 555220) and a human/mouse/rat activin A Quantikine ELISA kit (R&D Systems, cat. no. DAC00B), respectively. All analyses were performed according to the manufacturer\'s protocols.

The levels of human IL‐6 and murine IL‐6 in serum from mice were determined using the U‐PLEX Human IL‐6 Assay (Meso Scale Discovery, cat. no. K151TXK) and the U‐PLEX Mouse IL‐6 Assay (Meso Scale Discovery, cat. no. K152TXK) according to the protocols provided by the manufacturer. The levels of activin A in serum from mice were determined using a self‐made activin A ELISA, which was established according to the protocol of Meso Scale Discovery. The following antibodies were used for this ELISA: anti‐activin A primary antibody (R&D Systems, cat. no. MAB3381; detects human/rat/mouse activin A); biotinylated anti‐activin A secondary antibody (R&D Systems, cat. no. BAM3381; detects human/rat/mouse activin A); for detection, Sulfo‐TAG streptavidin (Meso Scale Discovery, cat. no. R32AD, 0.25 μg/mL); and for the titration of the standard curve, recombinant human activin A (R&D Systems, cat. no. 338 AC/CF). The antibodies in this sandwich ELISA are directed against the same epitope of the INHBA subunit and thus will detect only the homodimer (activin A). They do not recognize the inhibin beta B subunit, and accordingly, there is no cross reactivity towards activin AB. Due to low homology (18%) between INHBA and the alpha subunit found in inhibin A, any cross reactivity towards inhibin A is considered unlikely.

All presented ELISA data are within the range of the respective standard curves (*Figure* [S1](#jcsm12489-supitem-0001){ref-type="supplementary-material"}). When necessary, the samples were diluted to fall within the range of the standard curve.

RNA isolation and quantitative real‐time PCR {#jcsm12489-sec-0015}
--------------------------------------------

TOV21G cells transfected with NT, INHBA, ACVR2A, ACVR2B, KRAS, or SMAD3 siRNA were left for 1 or 3 days post‐transfection (as explained earlier) before RNA was isolated using RNeasy Mini Kit (Qiagen, cat. no. 74106) according to the protocol from the manufacturer. Purity, quality, and concentration of isolated RNA were confirmed using Nanodrop. cDNA for qPCR analysis was made by using the QuantiTect Reverse Transcription Kit (Qiagen, cat. no. 205311) according to the manufacturer\'s protocol. mRNA levels were normalized against GAPDH. qPCR was performed in parallel 20 μL reactions containing 10 μL Perfecta qPCR Fast‐Mix ROX (from Quanta, QUNT95077‐012), 1 μL of the respective primer set, and 9 μL template (5 and 25 ng RNA for GAPDH and the remaining primer sets, respectively). The following TaqMan primer sets from Life Technologies were used: human INHBA (Hs01081598_m1, cat. no. 4331182), human AVCR2A (Hs00155658_m1, cat. no. 4331182), human ACVR2B (Hs00609603_m1, cat. no. 4331182), human IL‐6 (Hs00985639_m1, cat. no. 4331182), human KRAS (Hs00364284_g1, cat. no. 4331182), human SMAD3 (Hs00969210_m1, cat. no. 4331182), and human GAPDH (Hs99999905_m1, cat. no. 4331182). The cycling conditions for the StepOne plus system (Applied Biosystems, Foster City, CA, USA) were 45°C for 2 min, 95°C for 30 s, and 40 cycles of 95°C for 1 s and 65°C for 20 s. Relative RNA transcription levels were transformed into linear form by 2^−ΔΔCt^.

Animal experiments {#jcsm12489-sec-0016}
------------------

The animal experiment was performed according to the regulations effective in the Canton of Basel City, Switzerland, under the license number BS‐2186. Eight‐week‐old female mice (Hsd:Athymic Nude‐*Foxn1* ^*nu*^) were purchased from Harlan Laboratories (Horst, Netherlands), acclimated for 7 days housed at 25°C with a 12:12 h light--dark cycle, and provided *ad libitum* water and a standard laboratory diet containing 18.2% protein and 3.0% fat with an energy content of 15.8 MJ/kg (NAFAG 3890, Kliba, Basel, Switzerland).

TOV21G cells were harvested by trypsin treatment and suspended in a solution containing 50% PBS and 50% BD Matrigel™ matrix without phenol red (cat. no. 356237, BD Biosciences, Bedford, MA) at a density of 3 × 10^7^/mL. A 0.1 mL of cell suspension containing 3 × 10^6^ cells was inoculated subcutaneously into the left flank of mice anaesthetized with Forane® (isoflurane; Abbott AG, Baar, Switzerland) using a Station anaesthesia minihub (Tem Sega, Pessac, France). When tumours were palpable, length and width of tumours were measured through skin, and tumour volumes were calculated according to the formula (length × width^2^)/2. Seven days after cell inoculation, mice bearing tumours with acceptable morphology and size (mean volume of approximately 130 mm^3^) were randomized to groups containing 10 mice per group, and the treatments were initiated on the day of randomization (Day 0). CDD866 was administered at 20 mg/kg s.c., once weekly in a volume of 5 mL/kg. Body weight and tumour volume were measured two to three times per week. At the end of the experiment (Day 35), the mice were euthanized with CO~2~. In the group of vehicle‐treated mice, three mice had to be sacrificed at Days 28, 30, and 32, respectively, for animal welfare reasons. For all animals, tumour, tibialis anterior, gastrocnemius--soleus--plantaris complex, quadriceps, heart, liver, kidney, perigonadal white adipose tissue, spleen, and brain were collected and weighed. The brain weight was measured for normalization of organ weights.[24](#jcsm12489-bib-0024){ref-type="ref"}

Before performing our analyses, we omitted three mice from each of the two groups inoculated with TOV21G cells due to very large or small tumours (larger or smaller than average ±SD).

cBioPortal {#jcsm12489-sec-0017}
----------

cBioPortal (<http://www.cbioportal.org/>) is an open‐access database that allows visualization and analysis of large‐scale cancer genomics data sets.[25](#jcsm12489-bib-0025){ref-type="ref"}, [26](#jcsm12489-bib-0026){ref-type="ref"} Our analyses utilize the co‐expression visualization to identify co‐expression of IL‐6 and INHBA mRNA. For the analysis, we used the TCGA Provisional data set for ovarian serous cystadenocarcinoma.

Statistics {#jcsm12489-sec-0018}
----------

Statistical work was performed using SPSS or Microsoft Excel. The statistical tests performed are specified when individual results are presented.

Data presentation {#jcsm12489-sec-0019}
-----------------

All figures were mounted using Canvas 14 (ACD Systems).

Results {#jcsm12489-sec-0020}
=======

Activin A promotes secretion of autophagy‐accelerating factors from tumour cells {#jcsm12489-sec-0021}
--------------------------------------------------------------------------------

We have previously found that weight loss in cancer patients is associated with autophagy‐inducing bioactivity in the blood stream.[10](#jcsm12489-bib-0010){ref-type="ref"} These findings implicate a causal role in cachexia development for tumour‐derived signalling substances that increase autophagy in normal cells. We have shown that IL‐6 is abundantly secreted from certain cancer cells and potently accelerates autophagy in muscle cells when complexed to soluble IL‐6 receptor.[10](#jcsm12489-bib-0010){ref-type="ref"} This way of IL‐6 signalling may contribute to weight loss. Because tumour‐derived activin A is proposed to be a mediator of cancer cachexia,[3](#jcsm12489-bib-0003){ref-type="ref"}, [5](#jcsm12489-bib-0005){ref-type="ref"} we hypothesized that also activin A contributes to cachexia by accelerating autophagy in host cells.

To quantify autophagic flux, we utilized an autophagy reporter cell system,[23](#jcsm12489-bib-0023){ref-type="ref"} HEK293 cells with an inducible expression of GFP fused to SQSTM1 (also known as p62). SQSTM1 is specifically targeted by autophagy, and its time‐dependent decline (and consequently GFP decline/loss of green fluorescence) is a measure of autophagic activity and can be detected by flow cytometry. The autophagy reporter cells responded to recombinant activin A, evident as increased SMAD3 phosphorylation (*Figure* [1](#jcsm12489-fig-0001){ref-type="fig"}A, upper panel). However, activin A did not accelerate autophagy at any of the tested concentrations (*Figure* [1](#jcsm12489-fig-0001){ref-type="fig"}A, lower panel). This could mean that activin A contributes to cachexia in a manner that is independent of autophagy in host cells. Alternatively, activin A can still accelerate autophagy *in vivo* but in an indirect manner by influencing the abundancy of other autophagy‐inducing factors.

![Activin A acts in an autocrine or paracrine loop to promote the secretion of autophagy‐accelerating compounds from TOV21G cells. (A) Lower panel: Autophagy flux in autophagy reporter cells treated with recombinant activin A for 3 days at indicated concentrations. Mean from three independent experiments, each using triplicate wells ±SD. Upper panel: Level of phosphorylated SMAD3 (Ser423/Ser425) in autophagy reporter cells following 5 min exposure to activin A (50 ng/mL). β‐Tubulin is used as a loading control. (B) INHBA, ACVR2A, and ACVR2B transcript levels in TOV21G cells treated with siRNA targeting INHBA, ACVR2A, and ACVR2B, respectively, 1 day post‐transfection, relative to non‐targeting (NT) siRNA‐treated TOV21G cells. Measured using qPCR. Mean from six independent experiments ±SD. ^\*\*\*^ *P* \< 0.0005 vs. NT siRNA (Student\'s *t*‐test). (C) Level of activin A protein in CM from TOV21G cells treated with INHBA siRNA, 3 days post‐transfection. Mean from two experiments. (D) Autophagy flux in autophagy reporter cells treated with CM from TOV21G cells. CM had been collected 1 or 3 days post‐transfection using NT siRNA or siRNA targeting INHBA, ACVR2A, or ACVR2B. Mean from six independent experiments, each using triplicate wells. ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.005 vs. respective NT siRNA (Student\'s *t*‐test).](JCSM-11-195-g001){#jcsm12489-fig-0001}

In mice, cachexia is reversed by activin receptor antagonists.[5](#jcsm12489-bib-0005){ref-type="ref"}, [27](#jcsm12489-bib-0027){ref-type="ref"} This may be due to the ability of these agents to prevent activin A‐induced signalling in muscle cells (and other host cells). Alternatively, the receptor antagonist could inhibit activin A signalling in the tumour and affect the secretion of other cachexia‐inducing factor(s). Because we observed no direct effect of activin A on autophagy, we hypothesized that activin A may control the secretion of other factors that accelerate autophagy and cause cachexia.

TOV21G ovarian cancer cells have been shown to secrete high amounts of activin A.[5](#jcsm12489-bib-0005){ref-type="ref"} Moreover, we have shown that CM from these cells potently accelerates autophagy in other cells,[10](#jcsm12489-bib-0010){ref-type="ref"} and, as shown by us[10](#jcsm12489-bib-0010){ref-type="ref"} and others,[5](#jcsm12489-bib-0005){ref-type="ref"} TOV21G tumours potently cause weight loss in mice. Importantly, cachexia in these mice can be reversed by interfering with activin A signalling.[5](#jcsm12489-bib-0005){ref-type="ref"} To test if autocrine signalling could affect the autophagy‐inducing activity of the CM, activin A signalling was targeted by siRNA directed towards either INHBA or ACVR2A/ACVR2B (also called ACTRIIA/ACTRIIB, respectively). INHBA encodes the INHBA subunit that is needed to form bioactive activin A homodimers. Activin A initiates signalling via type 1 and 2 activin receptors and of the type 2 receptors activin A can bind to both ActRIIA and B.[28](#jcsm12489-bib-0028){ref-type="ref"} All siRNAs efficiently reduced the level of their target transcripts (*Figure* [1](#jcsm12489-fig-0001){ref-type="fig"}B), and the reduction in mRNA levels was maintained for at least 3 days post‐transfection (data not shown). No apparent effects of the different siRNAs were noted on cell proliferation or survival (data not shown). Consistent with the depletion of the target transcripts, INHBA siRNA reduced the activin A protein secreted by TOV21G by about 90% (from an average of 278 to 32 pg/mL), measured by ELISA (*Figure* [1](#jcsm12489-fig-0001){ref-type="fig"}C). Having successfully depleted components of autocrine activin A signalling, we asked whether this reduced the autophagy‐accelerating ability of CM from the cells. When using the autophagy reporter cell system, we found that the CM from TOV21G cells treated with INHBA, ACVR2A, or ACVR2B siRNA was clearly less potent in accelerating autophagy as compared with CM from cells treated with non‐targeting siRNA. Approximately 40% reduced autophagy flux was observed already 1 day post‐transfection, and this effect was sustained for at least 3 days (*Figure* [1](#jcsm12489-fig-0001){ref-type="fig"}D). By comparison, the autophagy inhibitors 3‐methyladenine or bafilomycin A1 (17 h) reduce the autophagy flux in the reporter cells by 30% and 40%, respectively (*Figure* [S2](#jcsm12489-supitem-0002){ref-type="supplementary-material"}). Our results indicate that although activin A may not activate autophagy directly, it can act in an autocrine or paracrine manner to promote secretion of other autophagy‐accelerating factors from the cancer cells.

Activin A is important for secretion of the autophagy‐accelerating factor IL‐6 from cancer cells {#jcsm12489-sec-0022}
------------------------------------------------------------------------------------------------

We have previously found that the CM from TOV21G cells accelerates autophagy in other cells and have largely attributed this effect to their secretion of IL‐6.[10](#jcsm12489-bib-0010){ref-type="ref"} TOV21G cells are known to have an activating KRAS mutation, and this has been shown to be important for IL‐6 production, especially in murine lung cancer models.[29](#jcsm12489-bib-0029){ref-type="ref"}, [30](#jcsm12489-bib-0030){ref-type="ref"} We therefore wanted to establish whether activated KRAS was a major contributor to the IL‐6 production in our model system. Two different siRNAs for KRAS were shown to very efficiently take down the level of KRAS transcripts (*Figure* [2](#jcsm12489-fig-0002){ref-type="fig"}A), and this was accompanied by clearly reduced levels of IL‐6 transcripts in the cells (*Figure* [2](#jcsm12489-fig-0002){ref-type="fig"}B). Also, IL‐6 protein in CM 1 day post‐transfection was reduced about 43% from an average of 23.5 ng/mL in CM from non‐targeting siRNA transfected cells (*Figures* [2](#jcsm12489-fig-0002){ref-type="fig"}C and [S3](#jcsm12489-supitem-0003){ref-type="supplementary-material"}). To investigate if activin‐mediated signalling could also influence IL‐6 production, we performed siRNA‐mediated knockdown of either INHBA or ACVR2A/ACVR2B in TOV21G cells. Indeed, all siRNAs caused reduced levels of IL‐6 in the CM (about 20% reduction from an average of 23.5 ng/mL in CM from non‐targeting siRNA transfected cells), as measured by an IL‐6 ELISA 1 day post‐transfection (*Figures* [3](#jcsm12489-fig-0003){ref-type="fig"}A and [S3](#jcsm12489-supitem-0003){ref-type="supplementary-material"}) and confirmed by a bioplex assay (data not shown). The effect was sustained for at least 3 days post‐transfection (24--47% reduction, depending on the siRNA, from an average of 49.1 ng/mL in CM from non‐targeting siRNA transfected cells) (*Figures* [3](#jcsm12489-fig-0003){ref-type="fig"}A and [S3](#jcsm12489-supitem-0003){ref-type="supplementary-material"}).

![KRAS affects the secretion of the autophagy‐inducing cytokine IL‐6 from TOV21G cells. (A) KRAS transcript level in TOV21G cells treated with two different siRNAs targeting KRAS, 1 day post‐transfection, relative to non‐targeting (NT) siRNA‐treated TOV21G cells. Measured using qPCR. Mean from three independent experiments ±SD. ^\*\*\*^ *P* \< 0.0005 and ^\*\*^ *P* \< 0.005 vs. NT siRNA (Student\'s *t*‐test). (B) IL‐6 transcript level in TOV21G cells treated with siRNAs targeting KRAS, 1 day post‐transfection, relative to NT siRNA‐treated TOV21G cells. Measured using qPCR. Mean from three independent experiments ±SD. ^\*^ *P* \< 0.05 vs. NT siRNA (Student\'s *t*‐test). (C) Relative level of IL‐6, measured using an ELISA assay, in CM from TOV21G cells treated with NT siRNA or siRNAs targeting KRAS. CM was harvested 1 day post‐transfection. Mean from three experiments ±SD. ^\*^ *P* \< 0.05 vs. NT siRNA (Student\'s *t*‐test).](JCSM-11-195-g002){#jcsm12489-fig-0002}

![Activin A affects the secretion of the autophagy‐inducing cytokine IL‐6 from TOV21G cells. (A) Relative level of IL‐6, measured using an ELISA assay, in CM from TOV21G cells treated with non‐targeting (NT) siRNA or siRNA targeting INHBA, ACVR2A, or ACVR2B. CM was harvested 1 or 3 days post‐transfection. Mean from three experiments \[ACVR2A (3 days) and ACVR2B (1 day and 3 days)\], four experiments \[ACVR2A (1 day) and INHBA (3 days)\], or six experiments \[INHBA (1 day)\] ±SD. ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.005, ^\*\*\*^ *P* \< 0.0005 vs. respective NT siRNA (Student\'s *t*‐test). (B) Relative level of IL‐6, measured using an ELISA assay, in CM from TOV21G cells treated with 1.6 μg/mL activin neutralizing antibody, 1.8 μg/mL ActRIIB decoy receptor, or 10 μM ALK4/5/7 inhibitor (SB431542). CM was harvested after 1 day of treatment. Mean from three experiments ±SD. ^\*^ *P* \< 0.05 vs. control (Student\'s *t*‐test). (C) SMAD3 transcript level in TOV21G cells treated with siRNA targeting SMAD3, 1 day post‐transfection, relative to NT siRNA‐treated TOV21G cells. Measured using qPCR. Mean from three independent experiments ±SD. ^\*\*\*^ *P* \< 0.0005 vs. NT siRNA (Student\'s *t*‐test). (D) Relative level of IL‐6, measured using an ELISA assay, in CM from TOV21G cells treated with NT siRNA or siRNA targeting SMAD3. CM was harvested 1 day post‐transfection. Mean from six experiments ±SD. ^\*\*\*^ *P* \< 0.0005 vs. NT siRNA (Student\'s *t*‐test). (E) IL‐6 transcript level in TOV21G cells treated with NT siRNA (±50 ng/mL recombinant activin A) or siRNA targeting INHBA (±50 ng/mL recombinant activin A), ACVR2A, or ACVR2B. Measured using qPCR. RNA was isolated 1 or 3 days post‐transfection. Mean from 10 independent experiments (seven for recombinant activin A) ±SD. ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.005 (Student\'s *t*‐test). (F) IL‐6 transcript level in TOV21G cells treated with 10 μM ALK4/5/7 inhibitor (SB431542) for 1 day, relative to vehicle‐treated TOV21G cells. Measured using qPCR. Mean from three independent experiments ±SD. ^\*^ *P* \< 0.05 vs. vehicle (Student\'s *t*‐test). (G) IL‐6 transcript level in TOV21G cells treated with siRNA targeting SMAD3, 1 day post‐transfection, relative to NT siRNA‐treated TOV21G cells. Measured using qPCR. Mean from three independent experiments ±SD. ^\*^ *P* \< 0.05 vs. NT siRNA (Student\'s *t*‐test). (H, I) Levels of pNF‐κB p65 (Ser536) and Erk1/2, and p‐p38 (Thr180/Tyr182) and Erk1/2, respectively, in TOV21G cells treated with NT siRNA or siRNA targeting INHBA, ACVR2A, or ACVR2B. Extracts were made 3 days post‐transfection. Representative blots are shown with numbers representing mean values from five \[panel (H)\] or four \[panel (I)\] independent experiments (and SD) after normalization against signals from Erk1/2. ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.005, ^\*\*\*^ *P* \< 0.0005 (Student\'s *t*‐test).](JCSM-11-195-g003){#jcsm12489-fig-0003}

Consistent with an autocrine function of activin A in the regulation of IL‐6 secretion from the cancer cells, an activin A neutralizing antibody reduced the level of IL‐6 in CMs by 22% from 6.1 ng/mL in untreated cells (*Figures* [3](#jcsm12489-fig-0003){ref-type="fig"}B and [S3](#jcsm12489-supitem-0003){ref-type="supplementary-material"}). It should be noted that this antibody is directed towards the INHBA subunit that is also found in activin AB,[31](#jcsm12489-bib-0031){ref-type="ref"} potentially also recognizing activin AB. However, based on transcriptome characterization (data not shown), the expression level of the beta B subunit in these cells is very low (below detection limit), indicating that activin AB is not of any significance in this system. Further, an ActRIIB decoy receptor and an ALK4/5/7 inhibitor reduced IL‐6 levels in CM by 23% and 33%, respectively, from 6.1 ng/mL in untreated cells (*Figures* [3](#jcsm12489-fig-0003){ref-type="fig"}B and [S3](#jcsm12489-supitem-0003){ref-type="supplementary-material"}). Moreover, SMAD3 siRNA efficiently reduced the level of SMAD3 transcripts and significantly reduced the secretion of IL‐6 from TOV21G cells (42% reduction from an average of 23.5 ng/mL in CM from non‐targeting siRNA transfected cells) (*Figures* [3](#jcsm12489-fig-0003){ref-type="fig"}C and [3](#jcsm12489-fig-0003){ref-type="fig"}D and [S3](#jcsm12489-supitem-0003){ref-type="supplementary-material"}), showing that canonical activin A signalling, involving ALK4/5/7‐induced SMAD3, is important for the induced secretion of IL‐6.

Because autocrine activin A signalling clearly stimulates IL‐6 secretion from the cancer cells, we asked if this involved increased transcription of the IL‐6 gene. qPCR analysis of NT, INHBA, ACVR2A, and ACVR2B siRNA‐treated TOV21G cells demonstrated that all siRNAs targeting activin A signalling caused reduced mRNA level of IL‐6, supporting that autocrine activin A signalling promotes IL‐6 transcription (*Figure* [3](#jcsm12489-fig-0003){ref-type="fig"}E). In accordance, ALK4/5/7 inhibition or siRNA‐mediated SMAD3 knockdown reduced the level of IL‐6 transcripts (*Figure* [3](#jcsm12489-fig-0003){ref-type="fig"}F and [3](#jcsm12489-fig-0003){ref-type="fig"}G). Importantly, treatment with recombinant activin A could significantly counteract the effect of INHBA siRNA on IL‐6 transcript level (*Figure* [3](#jcsm12489-fig-0003){ref-type="fig"}E), demonstrating that the effects on IL‐6 transcription are regulated by autocrine activin A signalling. The IL‐6 gene is among the typical NF‐κB controlled genes. Thus, we asked if the autocrine activin A‐induced IL‐6 transcription could be controlled by NF‐κB. Interference with activin signalling using siRNAs causes a clear reduction in the levels of pNF‐κB (p65), which is in accordance with the effects observed on IL‐6 transcript levels (*Figure* [3](#jcsm12489-fig-0003){ref-type="fig"}H). NF‐κB has been shown to collaborate with p38 MAPK to induce IL‐6 expression.[32](#jcsm12489-bib-0032){ref-type="ref"} Also, p38 MAPK is one of the signalling mediators downstream of activin A.[33](#jcsm12489-bib-0033){ref-type="ref"} We found that coinciding with reduced pNF‐κB and IL‐6 levels, interference with activin A signalling reduced the level of phospho‐p38 in the cancer cells (*Figure* [3](#jcsm12489-fig-0003){ref-type="fig"}I). These data suggest that p38 MAPK and NF‐κB play a role in activin A‐induced production of IL‐6.

Interference with activin A signalling reduces tumour‐derived IL‐6 in sera and reverses cachexia in mice {#jcsm12489-sec-0023}
--------------------------------------------------------------------------------------------------------

Our results clearly demonstrate that autocrine activin A signalling in the cancer cell culture promotes the release of IL‐6. Thus, we tested whether activin A antagonism is able to reduce the systemic (serum) level of IL‐6 in tumour‐bearing animals and whether a putative reduction in IL‐6 level is associated with reversal of cachexia. We treated TOV21G tumour‐bearing mice with an ActRII neutralizing antibody (CDD866). CDD866 efficiently inhibits the binding of ligands, including activin A and myostatin, to both ActRIIA and ActRIIB.[27](#jcsm12489-bib-0027){ref-type="ref"}, [34](#jcsm12489-bib-0034){ref-type="ref"}

As expected, the TOV21G tumour‐bearing mice rapidly developed cachexia, evident as loss of body weight, muscle (tibialis, gastrocnemius complex, quadriceps, and heart), and white adipose tissue (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}A--[4](#jcsm12489-fig-0004){ref-type="fig"}I). Importantly, CDD866 treatment clearly reversed cachexia; the mice gained body weight, heart, and muscle mass, even to an extent that surpassed weight and muscle mass of non‐tumour‐bearing mice (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}A--[4](#jcsm12489-fig-0004){ref-type="fig"}F). Similar observations were also made for kidney and liver, while there was no significant change in the weight of spleen after the CDD866 treatment (*Figure* [S4](#jcsm12489-supitem-0004){ref-type="supplementary-material"}). Of note, CDD866 treatment also led to reduced tumour size (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}G and [4](#jcsm12489-fig-0004){ref-type="fig"}H). Similar to the observed reversal of loss of muscle, the CDD866‐treated mice also seemed to have reduced loss of white adipose tissue; however, this effect was not significant (*P* = 0.06) (*Figure* 4I).

![Interference with activin A signalling reduces tumour‐derived IL‐6 in sera and reverses cachexia in mice. (A, B) Mean relative body weight (at indicated time intervals) and mean relative change in body weight ±SEM, respectively, of non‐tumour control mice (*n* = 5) and vehicle‐treated (*n* = 7) and CDD866‐treated (*n* = 7) TOV21G tumour‐bearing mice. For the vehicle group, the data on Days 30, 32, and 35 are based on six, five, and four mice, respectively. (C--F) Mean relative change in tibialis, gastrocnemius complex, quadriceps, and heart weight, respectively, ±SEM of vehicle‐treated (*n* = 7) and CDD866‐treated (*n* = 7) TOV21G tumour‐bearing mice relative to non‐tumour control mice (*n* = 5). (G, H) Mean tumour volume and tumour weight ±SEM, respectively, of vehicle‐treated (*n* = 7) and CDD866‐treated (*n* = 7) TOV21G tumour‐bearing mice. (I) Mean relative change in white adipose tissue weight ±SEM of vehicle‐treated (*n* = 7) and CDD866‐treated (*n* = 7) TOV21G tumour‐bearing mice relative to non‐tumour control mice (*n* = 5). (J--L) Activin A, human IL‐6 (hIL‐6), and murine IL‐6 (mIL‐6) protein level, respectively, in sera from non‐tumour control mice (*n* = 5) and vehicle‐treated (*n* = 7) and CDD866‐treated (*n* = 7) TOV21G tumour‐bearing mice. Mean ± SEM are indicated. ^\*^ *P* \< 0.05, ^\*\*^ *P* \< 0.005, ^\*\*\*^ *P* \< 0.0005 (Student\'s *t*‐test), n.s. = non‐significant.](JCSM-11-195-g004){#jcsm12489-fig-0004}

As anticipated, TOV21G‐bearing mice had increased serum level of activin A, and an additional rise in serum activin A was detected following CDD866 treatment (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}J). By the use of species‐specific ELISAs, we also found that tumour‐bearing mice were subjected to a massive rise in the level of serum IL‐6 derived from the cancer cells (human IL‐6) (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}K) and a significant, but clearly less substantial, increase in host‐derived murine IL‐6 (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}L). Because activin A was important for IL‐6 secretion from the cancer cells *in vitro*, we tested whether the ActRII neutralizing antibody (CDD866) could reduce the level of IL‐6 in sera from TOV21G‐bearing mice. In accordance with our *in vitro* findings, inhibition of ActRII caused a significant reduction of cancer‐derived human IL‐6 in serum from the tumour‐bearing mice (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}K). Interestingly, despite the increase in mouse IL‐6 levels in serum, treatment with the ActRII neutralizing antibody did not significantly reduce this pool of IL‐6 (*Figure* [4](#jcsm12489-fig-0004){ref-type="fig"}L). Together, this shows that disrupting activin A signalling in the tumour decreases systemic abundance of tumour‐derived IL‐6 and coincides with reversal of cachexia in the mice.

Association between INHBA and IL‐6 gene expression in human ovarian tumours {#jcsm12489-sec-0024}
---------------------------------------------------------------------------

Finding that activin signalling is needed for release of IL‐6 *in vitro* and in the TOV21G murine cachexia model, we investigated the possible association between activin A and IL‐6 in human ovarian cancer patients. By evaluating the levels of transcripts encoding IL‐6 and INHBA in tumour biopsies from ovarian cancer patients (*n* = 307) using the cBioPortal website, we found a significant association between the expression of these genes (*Figure* [5](#jcsm12489-fig-0005){ref-type="fig"}). This indicates that activin A may also modulate the expression of IL‐6 in human tumours.

![Association between INHBA and IL‐6 gene expression in human ovarian tumours. IL‐6 and INHBA mRNA expression in human ovarian serous cystadenocarcinoma (*n* = 307). From the cBioPortal database (<http://www.cbioportal.org/>).](JCSM-11-195-g005){#jcsm12489-fig-0005}

Discussion {#jcsm12489-sec-0025}
==========

Activin A and IL‐6 are both suggested to contribute to cachexia, and accordingly, their individual role in development of this condition has been a central topic of research. In mouse models of cancer‐induced cachexia, it has been demonstrated that both activin A and IL‐6 are contributing, and neutralizing each axis reverses the muscle wasting.[5](#jcsm12489-bib-0005){ref-type="ref"}, [11](#jcsm12489-bib-0011){ref-type="ref"}, [12](#jcsm12489-bib-0012){ref-type="ref"}, [13](#jcsm12489-bib-0013){ref-type="ref"}, [14](#jcsm12489-bib-0014){ref-type="ref"}, [27](#jcsm12489-bib-0027){ref-type="ref"}, [35](#jcsm12489-bib-0035){ref-type="ref"}, [36](#jcsm12489-bib-0036){ref-type="ref"}, [37](#jcsm12489-bib-0037){ref-type="ref"}, [38](#jcsm12489-bib-0038){ref-type="ref"}, [39](#jcsm12489-bib-0039){ref-type="ref"} Here, we show for the first time that intratumoural activin A signalling promotes IL‐6 secretion from the cancer cells, thus demonstrating a direct link between the two factors. We show that interference with activin A signalling reduces IL‐6 transcription, secretion, and systemic distribution. Reduced IL‐6 levels following obstruction of activin A activities associate with reduced ability of the cancer cells to accelerate autophagy in non‐cancerous cells *in vitro* and the ability to cause cachexia in mice. This study presents a so far unexplored mechanism to drive cachexia that may be targeted in treatment.

The importance of intratumoural signalling activities in cachexia development has been highlighted also by others. Johnston *et al*.[40](#jcsm12489-bib-0040){ref-type="ref"} demonstrated that TWEAK/Fn14 signalling in the tumour, rather than the host, is important to cause cachexia in mice and that interference with these factors increases survival. Similar to our findings, the authors suggest that Fn14 stimulates the secretion of cachexia‐inducing factors from the tumour. However, the secreted cachexia‐inducing factor(s) were not identified. In hepatic stellate cells, the Fn14 ligand TWEAK has been shown to upregulate both transcription and secretion of inflammatory cytokines, including IL‐6.[41](#jcsm12489-bib-0041){ref-type="ref"} This suggests that TWEAK and activin A may both work in a paracrine or autocrine manner in the tumours to stimulate IL‐6 secretion from cancer cells and facilitate the development of cachexia.

TWEAK‐induced IL‐6 involves activation of NF‐κB.[42](#jcsm12489-bib-0042){ref-type="ref"} Similarly, we find that interfering with the autocrine activin signalling causes a clear reduction in the active form of NF‐κB. Furthermore, SMAD3 seems to be involved in this pathway, and preliminary data from our lab indicate that SMAD3 is upstream of activation of NF‐κB. Such a sequential order of events is in line with data from mouse keratinocytes where TGFβ‐induced Alk5 and SMAD3 are required for NF‐κB‐dependent gene expression.[43](#jcsm12489-bib-0043){ref-type="ref"} Interestingly, Qin *et al*. showed binding of SMAD4 to the IL‐6 promoter after TGFβ stimulation of ovarian surface epithelial cells.[44](#jcsm12489-bib-0044){ref-type="ref"} This suggests that SMAD signalling may also directly control IL‐6 gene expression.

The involvement of activin A in IL‐6 secretion has also been described in non‐cancerous cells, like mouse neutrophils, where the cells in response to LPS secrete IL‐6 in an activin A/SMAD3‐dependent manner.[45](#jcsm12489-bib-0045){ref-type="ref"} IL‐6 may act systemically and has been suggested to be one of the major contributors to cachexia.[12](#jcsm12489-bib-0012){ref-type="ref"}, [13](#jcsm12489-bib-0013){ref-type="ref"}, [14](#jcsm12489-bib-0014){ref-type="ref"}, [17](#jcsm12489-bib-0017){ref-type="ref"}, [18](#jcsm12489-bib-0018){ref-type="ref"}, [46](#jcsm12489-bib-0046){ref-type="ref"}, [47](#jcsm12489-bib-0047){ref-type="ref"}, [48](#jcsm12489-bib-0048){ref-type="ref"} We have shown that IL‐6 accelerates autophagy[10](#jcsm12489-bib-0010){ref-type="ref"} and this may in part explain the potent cachexia‐inducing effect of this cytokine. Consistently, we could demonstrate that interference with autocrine activin A signalling in the cancer cells is sufficient to reduce the ability of the cells to accelerate autophagy in non‐cancerous cells.

Our *in vitro* data show that activin A acts in an autocrine or paracrine manner to promote secretion of IL‐6 from the cancer cells. Due to the heterogeneous nature of a tumour *in vivo*, with a variety of infiltrating cell types, it is likely that activin A signalling also occurs between cancer cells and stromal cells. Such crosstalk could potentially contribute to a higher IL‐6 secretion than what can be caused by the transformed cancer cells themselves. Activin A may also act systemically to induce secretion of IL‐6 from other cell types located distantly from the tumour. For instance, muscle cells may secrete IL‐6,[49](#jcsm12489-bib-0049){ref-type="ref"} and an effect of activin A on IL‐6 levels may occur as a result of myocyte signalling. In line with this, preliminary data from our lab show that activin A can induce release of IL‐6 from cardiomyocytes *in vitro* (data not shown). Surprisingly, we found that although host IL‐6 levels increased in sera of cachectic tumour‐bearing mice, the levels were not significantly affected by interference with activin A signalling. It should, however, be noted that we used immune‐compromised nude mice with subcutaneous flank implantation of TOV21G, similarly to Zhou *et al*. who reported the ability of TOV21G to cause cachexia in an activin A‐driven mechanism.[5](#jcsm12489-bib-0005){ref-type="ref"} We acknowledge, however, that activin A may affect both cancer cell‐derived and host‐derived IL‐6 differently in the presence of a complete immune system and when the cancer cells are growing in the pelvic/abdominal cavity.

In this study, we used TOV21G cells to induce cancer cachexia. In a recent paper, Pin *et al*. used another ovarian clear cell carcinoma cell line, ES‐2, and argued that this is more similar to human ovarian cancer.[15](#jcsm12489-bib-0015){ref-type="ref"} The ES‐2 cell line also gives cachexia, and bioactive IL‐6 seems to be causal. A mechanism for IL‐6 regulation in the ES‐2 model has not yet been proposed, but activation of the RAS/RAF/MEK/ERK signalling pathway is a common feature of the two cell models. While TOV21G cells harbour activated KRAS, ES‐2 have activated BRAF.[15](#jcsm12489-bib-0015){ref-type="ref"} Consistently, we find that IL‐6 secretion from the TOV21G cells is driven by activin A and oncogenic RAS. Whether activin A and/or BRAF is involved in the IL‐6 secretion from ES‐2 is not known.

In our mouse model, we find that treating tumour‐bearing mice with an ACVR2 neutralizing antibody not only reverts muscle mass to normal level but also causes a significant increase in muscle mass. Possibly, this relates to the ability of this antibody to block the binding of both activin A and myostatin to the ACVR2.[27](#jcsm12489-bib-0027){ref-type="ref"}, [34](#jcsm12489-bib-0034){ref-type="ref"}, [50](#jcsm12489-bib-0050){ref-type="ref"} Myostatin deficiency has previously been shown to be highly anabolic.[51](#jcsm12489-bib-0051){ref-type="ref"}, [52](#jcsm12489-bib-0052){ref-type="ref"} Whether myostatin also has a role in regulating IL‐6 secretion, and thereby is influencing cachexia development, cannot be excluded but is beyond the scope of this study.

A complicating factor when interpreting the reduced hIL‐6 levels in circulation after interfering with the ACVR2 is that the tumour size is significantly influenced. The reduced levels of tumour‐derived IL‐6 in circulation could thus, to an unknown extent, be a result of reduced number of IL‐6‐producing TOV21G cells. Regardless, *in vitro*, we show that there is a direct effect of activin A signalling on IL‐6 gene transcription and IL‐6 protein secretion from the cancer cells. It is likely that this mechanism also is of relevance in the *in vivo* model.

Based on results from murine models, recent clinical trials have aimed to unravel the efficiency of blocking activin signalling in patients with cachexia or muscle dystrophy. Clinical trials involving ACVR2B decoy receptors, however, were terminated due to severe adverse effects, including bleeding.[53](#jcsm12489-bib-0053){ref-type="ref"} More specific antibodies directed towards the ACVR2B are being tested in clinical trials[53](#jcsm12489-bib-0053){ref-type="ref"}, [54](#jcsm12489-bib-0054){ref-type="ref"}, [55](#jcsm12489-bib-0055){ref-type="ref"}; however, because ACVR2 are central receptors for multiple TGFβ family members, and our study points to the central role of activin A, specific inhibition of activin A itself may prove less invasive and equally efficient.

The present study provides novel insights into the interplay between activin A and IL‐6 secretion from cancer cells that may be important for the development of future therapeutic strategies to reverse cancer cachexia.
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**Figure S1**. Standard curves from activin A and IL‐6 ELISA. Standard curve for activin A (A) and IL‐6 (B) ELISA used when analyzing TOV21G conditioned medium, and for activin A ELISA used for analyzing serum samples (C).

###### 

Click here for additional data file.

###### 

**Figure S2**. Autophagy flux in autophagy reporter cells treated with autophagy effectors. Autophagy flux in autophagy reporter cells treated for 17 hours with 3‐methyladenine (3‐MA, 3 mM), bafilomycin A1 (BafA1, 100 nM), Hanks\' Balanced Salt Solution (HBSS) or Torin 1 (150 nM).
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Click here for additional data file.

###### 

**Figure S3**. IL‐6 protein level in conditioned medium (CM) from TOV21G cells. Level of IL‐6 in CM from untreated TOV21G cells and TOV21G cells treated with non‐targeting (NT) siRNA. CM from 1 or 3 days post‐seeding (untreated) or post‐transfection (NT siRNA treated).
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Click here for additional data file.

###### 

**Figure S4**. In TOV21G tumor‐bearing mice, injection of the ActRII neutralizing antibody does not affect the weight of the spleen but display an anabolic effect on kidney and liver. Mean relative weight change of spleen, kidney and liver, respectively ±SEM of vehicle‐treated (n = 7) and CDD866‐treated (n = 7) TOV21G tumor‐bearing mice relative to non‐tumor, vehicle‐treated control mice (n = 5). \*p \< 0.05, \*\*\*p \< 0.0005 (Student t‐test), n.s. = non‐significant.
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Click here for additional data file.
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